Likewise, this in vitro system supports formation of Kv1.3 T1 domains ; Kosolapov and Deutsch, 2003) . Our findings suggest that acquisition of tertiary and quaternary structure in the T1 domain is coupled and that mutations in the N-terminal region of the T1 domain disrupt subunit-subunit interactions as far as 25 Å away in the C-terminal region of the T1 domain.
Results
Previously, we have shown that T1 domains can be intermolecularly crosslinked using an R118C/D126C mutant of Kv1.3 that contains no other cysteines ). The location of the R118C/D126C pair at the T1-T1 intersubunit interface is shown in Figure 1A for the correspondingly homologous Kv1.1a T1 crystal structure (Kreusch et al., 1998) . These cysteines are predicted to be within 3-3.5 Å of one another in the final mature T1 tetramer. When cRNA for R118C/D126C Kv1.3 is translated in an in vitro system in the presence of microsomal membranes, these cysteines can be crosslinked to give dimers, trimers, and tetramers of Kv1.3 ( Figure 1B ). We now use this oligomerization assay to probe the contributions of hydrophilic interface side chains to the stabilization of the T1 tetramer. Our strategy involves mutating residues along the axial T1-T1 intersubunit interface and evaluating the impact on R118C/D126C crosslinking. The axial distance was ap- cysteines unreactive or inaccessible. Alternatively, the lack of crosslinking could reflect a conformational change with concomitant disruption of the T1-T1 intertent of PDM modification. The extent of the PDM reaction can again be assayed using a mass-tag strategy, face. To distinguish these possibilities, we preincubated mutants with N-ethylmaleimide (NEM) and then detere.g., reaction with polyethylene glycol thiol (PEG-SH; MW ϭ 5 kDa) to label free maleimides attached to the mined residual free cysteines with a mass-tag pegylation assay . Free cysteines will protein (Kosolapov and Deutsch, 2003) . Proteins that have reacted with PDM will contain a free available mabe modified with polyethylene glycol maleimide (PEG-MAL), and the labeled protein shifted Ն10 kDa on an leimide that can be reacted with PEG-SH and will thus be apparent as a Ն10 kDa gel shift. Proteins containing SDS-PAGE gel. All constructs, including those that could not be crosslinked (Figures 2A and 2C) , reacted a cysteine that has not reacted with PDM will appear at the unshifted parent molecular weight. In lane 2 of Figure completely with NEM (data not shown), suggesting that the mutations do not prevent ionization of R118C and 2B, the bands labeled "0," "1," and "2" correspond to unpegylated monomer, singly pegylated monomer, and D126C. To test for steric hindrance, as well as reactivity, specifically to the crosslinking agent PDM, we first preindoubly pegylated monomer, respectively, whereas the higher molecular weight bands observed at 116 kDa and cubated with PDM, followed by assessment of the ex- higher represent pegylated and unpegylated multimers mutants shown in Figure 2C are not significantly crosslinked (Ͻ10%). Several results are noteworthy. First, res-(dimers, trimers, tetramers). These higher molecular weight species cannot be resolved under these condiidue 57 is 26 Å away from R118C/D126C, yet mutations at position 57 inhibit crosslinking. Second, with the extions. A comparison of the monomer bands (levels 0, 1, and 2) indicates that all constructs react equally well ception of position 53, a tryptophan side chain in all positions tested drastically inhibits (Ն90%) crosslinking with PDM to give similar relative amounts of pegylated monomers (lanes 2, 4, 6, 8). This indicates that PDM has of R118C and D126C. Third, for mutations at positions 65, 101, and 116, crosslinking depends on the side chain labeled the same amount of R118C/D126C, regardless of whether there is a mutant residue at the T1-T1 interat that position. Fourth, with the exception of tryptophan substitution, position 116 has surprisingly little impact face. These results suggest that altered reactivity and accessibility of R118C and/or D126C in the interface on the ability of R118C and D126C to crosslink. This is especially intriguing considering that R116E, representmutant constructs are not responsible for the lack of crosslinked multimers. Rather, the intervening distance, ing a charge reversal, has little effect. To verify that the time for crosslinking during the exflexibility, and/or orientation of R118C and D126C in the mutant T1 constructs relative to the R118C/D126C periment is sufficiently long to permit a maximum extent of crosslinking, we studied the time-dependent crossbackground peptide must have been altered to account for the inability of T1 axial interface mutants to be crosslinking with PDM. As shown in Figure 3A , crosslinking to produce dimers, trimers, and tetramers has reached linked.
The tetramerization assay was performed on a series a maximum level within 1 min using either 500 or 50 M, but not 5 M PDM. Time course experiments were thus of interface mutants. The fraction of total protein present as monomer, dimer, trimer, and tetramer for all the mucarried out using 5 M PDM and quenched with 1 mM DTT, a 200-fold excess of reactive thiols per maleimide. tants probed in this fashion is shown in Figure 2C Figure 2C ) coassemble with wt to give intermedi-T1-T1 interface and the function of the channel, we unate phenotypes with V 1⁄2 between Ϫ15 and ϩ31 mV, and/ dertook a complete electrophysiological characterizaor inact between 1261 and 100 ms. These results show tion of the mutants shown in Figure 2C . Current traces that a T1 interface stabilized by a wt subunit can electrofor each mutant that expressed current are shown in physiologically rescue a nonfunctional T1 mutant. Supplemental Figure S1 at http://www.neuron.org/cgi/ Whether two mutant subunits can contribute to the same content/full/45/2/223/DC1/. Mutants N57E, T65D, R101A, T1-T1 interface is unknown, as is the precise stoichiome-R101D, R101L, R101W, Q112W, and Q112A in the 118C/ try of the functional channels. However, four mutant 126C background, did not express current. All of the subunits simultaneously contributing to the four T1-T1 other mutants expressed current with the characteristic interfaces appears to be prohibited. biophysical parameters given in Supplemental Table S1 . Do T1 domains that fail to oligomerize do so because Functional mutants, for the most part, did not show they fold incorrectly? Or do they fold perfectly well, but significant differences in their biophysical properties.
the oligomeric intersubunit T1-T1 interface is disrupted There was no obvious correlation between any of these in the mutants? In previous work, we have speculated electrophysiological parameters and the fraction of mothat tertiary folding and oligomerization may be coupled nomer determined in the crosslinking experiment. Howthrough events at the ER membrane. Although T1 tertiary ever, nonfunctional mutants had a high average probafolding begins shortly after the nascent T1 domain bility, 0.95 Ϯ 0.12, of having a monomeric T1, whereas emerges from the ribosome, in the absence of ER memfunctional channels had a range of monomeric T1 probabranes (Kosolapov et Figure 2C . The folding assay relies on intramolecular crosslinking of pairs of tein. In contrast, Figure 5B shows that R62W/Q72C/ G114C does not fold, i.e., lane 3 indicates free peptidyl cysteines engineered at the folded T1 monomer interface. As determined previously, Q72C/G114C is an effimaleimides (bands at levels 1 and 2), and lane 3 does not differ significantly from lane 6, which reflects LDScient pair for this purpose. All mutants were made in the Q72C/G114C Kv1.3 background, which is otherwise unfolded protein. These data can be used to calculate a probability of crosslinking, which is a measure of the cysteine-free and functional. The cRNA was translated, then subjected to either (1) pegylation with PEG-MAL probability of tertiary folding, P fold (see "Analysis of Pegylation Ladders" in Experimental Procedures; see also to assay for free cysteines (two free cysteines in this case; lane 1, Figure 5 ), (2) treatment with PDM followed Kosolapov and Deutsch, 2003) . P fold for all constructs is shown in Figure 5C . The values for P fold range from by treatment with PEG-MAL to assess residual free cysapproximately zero to 0.8. For all constructs, P fold was teines (lane 2), or (3) treatment with PDM followed by the same regardless of the concentration of cRNA used treatment with PEG-SH to assess residual free peptidyl in the range of 0.1-1.0 g/25 l and of the buffer (phosmaleimides (lane 3). In Figure 5A , Q72C/G114C was phate-buffered saline [PBS] or HEPES) used in the foldtreated according to the above protocols. In addition, ing assay (data not shown). lanes 4-6 show the results of first denaturing Q72C/ Two interpretations can be offered for the observation G114C with LDS and then applying the folding assay. of partial folding, e.g., P fold ‫.6.0ف‬ One is that it reflects In Figure 5A , lane 6 differs dramatically from lane 3, a homogeneous population of partially folded protein, and the other is that it reflects a heterogeneous popula- sarily the final extent of labeling that is used to calculate P fold . Slowing the rate might permit significant impair-0.03 (n ϭ 2) for 5 M PDM, consistent with the presence of a homogeneous, partially folded population. ment of the cysteine and/or the maleimide on the tethered PDM due to competing reactions (e.g., oxidation, Instead of reflecting the conformational states of static populations, P fold might assay the fraction of time hydrolysis). This would lower the P fold value. Thus, a heterogeneous population would predict either no that the structure is properly folded. This is indistinguishable from a static homogeneous population of partially change or a decrease in P fold with decreasing PDM concentration. In contrast, a homogeneous population of folded protein if the kinetics of folding and unfolding are faster than those of crosslinking (i.e., the time-averaged partially folded T1 domains would yield an increase in P fold with decreasing PDM concentration. The explanapool is equivalent to a homogeneous pool). Nevertheless, in either scenario P fold is an indicator of mature tion is as follows. If P fold is ‫,6.0ف‬ for example, then in the homogeneous population all of the pairs are, on tertiary structure. When T1 oligomerization is plotted against T1 tertiary average, relatively far apart. P fold is low because each of the two cysteines (Q72C and G114C) can react with folding for different interface mutants (Figure 6 ), the fraction of protein that oligomerizes (F olig ) is independent of a separate PDM molecule before a single PDM molecule can crosslink the pair of cysteines. Lowering the PDM folding (P fold ) until a threshold (P fold 0.6) is reached. At higher P fold , F olig monotonically increases with P fold . There concentration decreases the binding rate of an unattached PDM to the second cysteine of the pair, thereis little relationship between the degree of coupling and the color-coded distance between the mutated residue fore, allowing the crosslinking reaction to occur. Thus, although decreasing the PDM concentration would deand the C terminus of T1 (Figure 6 ). These results indicate that tertiary folding and oligomerization are highly crease the overall rate of crosslinking, it would also increase P fold . At 500 M PDM, P fold was 0.58 Ϯ 0.10 for coupled (correlation coefficient ϭ 0.86). Furthermore, and even more provocatively, the results suggest that R62E/Q72C/G114C (n ϭ 3; Figure 2C) into high-impact and low-impact residues for disruption domain residues are charged, and ‫%07ف‬ of the interface of tetramerization, e.g., R101, N57, and Q112 are highresidues are charged. This unusually high density of impact residues, and R53 and R116 are low-impact resicharged groups is likely nature's choice for ensuring dues. The high-impact residues have multiple (20 to 30) high specificity and affinity through oriented electro-H bonds and van der Waals interactions with neighstatic interactions across the T1-T1 interface. These boring atoms (within 7 Å ). Low-impact residues interact electrostatic interactions are manifest along the entire with fewer surrounding atoms (Ͻ20). A series of T1 mulength of the axial interface in the isolated T1 tetramer. tants were also generated by Strang et al. from a random Hydrophobic residues at the interface would provide an screen of Kv1.1a (Strang et al., 2001 ). These mutations energetically more favorable situation but would prooccurred at both subunit interfaces and noninterface mote promiscuous hydrophobic interactions. While we regions. In both cases, tetramer formation and function favor this specificity argument, Minor and coworkers were disrupted. None of these residues correspond to those mutated here in Kv1.3. While the study of Strang suggest that the relatively hydrophobic outer surface of et al. demonstrated that disruption of T1 tetramerization suggests that either tertiary structure is stabilized by also disrupts function, it did not systematically evaluate quaternary structure, or vice versa, or both. Two examthe interface, N-terminal to C-terminal, to identify which ples from Kv1.2, T46V and T46D, are noteworthy (Minor residues are critical determinants of the T1-T1 interface. et al., 2000). T46V forms a more stable T1 tetramer, is Electrophysiologically, seven out of eight mutants that functional, and shows no gross change in crystal strucfailed to function also failed to crosslink (Figure 2C) .
ture. This is consistent with our results for the correHowever, not all mutants that failed to crosslink failed sponding residue in Kv1.3, T65V ( Figures 2C, 5C, and 6 ). to function, suggesting that for these mutants functional T65V forms crosslinked multimers similar to the control, channels are capable of assembling within transmemfolds into a tertiary structure that is similar to control, brane regions, in spite of a malformation of the cytoplasmic and is electrophysiologically functional (herein and Korecognition domains. This result is consistent with earsolapov and Deutsch, 2003). In contrast, T65D disrupts lier studies demonstrating that sites in the central trans-T1 tetramerization, is not functional, and prevents monomembrane core of Kv channels facilitate intersubunit mer T1 folding into its tertiary structure, and circular association (Tu et al., 1996) The studies presented herein demonstrate that tertiary other substituted side chains at this position (e.g., E, L, folding and tetrameric assembly of T1 are linked and W). In Kv1.2, F77A is not functional, but F77W is funcbegin to define the relationship between folding events tional. These variations could be explained by steric as in Kv channel ontogeny. well as electrostatic interactions with surrounding side chains, as well as by the sensitivity of different isoforms
Experimental Procedures
to T1 interface disruption.
Constructs and In Vitro Translation
The shift of voltage-dependent activation in the Kv1. channel activates more slowly than wild-type Shaker Q72C/G114C/ was generated as described previously (Kosolapov (Kobertz and Miller, 1999 is not known, the coupling at this stage of biogenesis using a OC-725C oocyte clamp (Warner Instrument Corp., Hamden, MAL, MW 5000; Nektar Therapeutics) were treated with 10 mM ␤-mercaptoethanol to prevent oxidation, which inhibits pegylation. CT) after 24-48 hr, at which time peak currents at ϩ50 mV were 2-10 A. Electrodes (Ͻ1 M⍀) contained 3 M KCl. The currents were Samples destined for pegylation with methoxy-polyethylene-thiol (PEG-SH, MW 5000; Nektar Therapeutics) received 50 l PBS confiltered at 1 kHz. The bath Ringer solution contained 108 mM NaCl, 10 mM KCl, 1.8 mM CaCl 2 , 2 mM MgCl 2 , 5 mM HEPES (pH 7.6). The taining only 1% LDS. All LDS-treated samples were diluted with either 50 l PBS containing PEG-MAL to give a final concentration holding potential was Ϫ100 mV. For experiments in which inactivation kinetics were determined, we fit the current at ϩ50 mV with a of PEG-MAL of 20 mM and 5 mM ␤-mercaptoethanol or 50 l PBS containing PEG-SH to give a final concentration of 20 mM PEG-SH. single exponential relaxation using the simplex algorithm (Clampfit, Axon Instruments). Activation kinetics were measured between 0
The pegylation reaction reached a constant maximum value by 1 hr of incubation at 4ЊC and the PDM reaction reached a constant and 80 mV with a rise time (t r ) calculated from a single exponential fit of the current between 10 and 90% of maximum outward current. maximum value by 5 min. The folding results obtained were similar regardless of whether the assay was carried out in PBS or HEPES Fractional recovery was measured using a two-pulse protocol. Currents were recorded in response to pairs of 1500 ms depolarizing buffer (data not shown). pulses to ϩ50 mV, with interpulse intervals of variable duration at Ϫ100 mV. The fraction of recovery was quantified as (I peak2 Ϫ I min1 )/ Analysis of Pegylation Ladders As described in Kosolapov and Deutsch (2003) , for any given con-(I peak1 Ϫ I min1 ), where I peak1 and I peak2 represent the peak currents elicited by the first and second depolarizing pulse, respectively, and I min1 struct, radioactive protein incubated with PEG-MAL or PEG-SH was detected as distinct bands on NuPAGE gels and quantified using represents the minimal outward current observed at the end of the first depolarizing pulse (Levy and Deutsch, 1996) Using this estimate of P PEG-SH , we now can determine the probabilThe pellet was collected and solubilized in loading buffer and run ity of a pair of cysteines being crosslinked by PDM in the absence on LDS-NuPAGE gel (Bis-Tris, 4%-12%). The fraction of crosslinked of LDS pretreatment (e.g., gels in Figure 5, lanes 1-3) . As above, multimers was the same in both HEPES and PBS buffers (data not the fraction of individual cysteines labeled by PDM is F PDM ϭ (F 1 Ϫ shown). For crosslinking determinations done at 5 M PDM, the F 2 )/F 1 (Equation 6). The fraction of available free peptidyl maleimides translation mixture was first pelleted through a sucrose cushion, after PDM labeling in this case is F fMAL ϭ F 3 /P PEG-SH (Equation 7), resuspended, and crosslinked with PDM.
where F 3 is determined from lane 3 in the gels of Figure 5 , and P PEG-SH was estimated as described above from LDS-pretreated proFolding Assay tein. Finally, the probability of a pair of cysteines being crosslinked A folding assay was recently developed in our laboratory (Kosolapov by PDM is P xlink ϭ F PDM Ϫ F fMAL (Equation 8). In previous papers, we and Deutsch, 2003) and used as follows. Translation reaction (10-20 have used P xlink as defined here, but we now assign it a new name, l) was added to 500 l PBS (Ca-and Mg-free, 2 mM EDTA [pH P fold , in this paper to obviate any confusion by the reader between 7.3], containing 2 mM DTT). The suspension was centrifuged at crosslinking in the oligomerization experiments and crosslinking in 50,000 rpm and 4ЊC for 7 min, through a sucrose cushion (120 l the tertiary folding experiments. containing 0.5 M sucrose, 100 mM KCl, 50 mM HEPES, 5 mM MgCl 2 , 2 mM DTT [pH 7.5]). The pellet was resuspended in 50 l (for LDS
